Abstract. A spatial frequency domain imaging (SFDI) system was developed for characterizing ex vivo human ovarian tissue using wide-field absorption and scattering properties and their spatial heterogeneities. Based on the observed differences between absorption and scattering images of different ovarian tissue groups, six parameters were quantitatively extracted. These are the mean absorption and scattering, spatial heterogeneities of both absorption and scattering maps measured by a standard deviation, and a fitting error of a Gaussian model fitted to normalized mean Radon transform of the absorption and scattering maps. A logistic regression model was used for classification of malignant and normal ovarian tissues. A sensitivity of 95%, specificity of 100%, and area under the curve of 0.98 were obtained using six parameters extracted from the SFDI images. The preliminary results demonstrate the diagnostic potential of the SFDI method for quantitative characterization of wide-field optical properties and the spatial distribution heterogeneity of human ovarian tissue. SFDI could be an extremely robust and valuable tool for evaluation of the ovary and detection of neoplastic changes of ovarian cancer. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Ovarian cancer accounts for more deaths than any other type of gynecological cancer. The low survival rate is mainly attributed to the late stage of detection (mainly stage III and IV) and lack of effective early screening and diagnostic techniques. Prophylactic oophorectomy (PO), which is currently accepted as the standard procedure for high-risk women, has been found to reduce the risk of ovarian cancer by more than 50%. 1, 2 Unfortunately, the mortality rate for women undergoing premenopausal oophorectomy seems to have considerably increased. 3 Thus, there is an urgent need to develop more sensitive tools for effective evaluation of the ovary during minimally invasive surgery and reduce unnecessary surgeries.
More than 90% of ovarian cancers occur at the epithelial layer on the outer surface of the ovary. Photoacoustic imaging (PAI) and optical coherence tomography (OCT) have been previously explored to evaluate the vasculature and collagen content of the intact ovary. 4, 5 While PAI reveals high-resolution vascular distribution of the ovary, it can provide only a qualitative estimate and lacks tissue scattering information. Likewise, OCT requires extensive scanning in order to cover the entire ovary and also lacks information related to tissue absorption. Spatial frequency domain imaging (SFDI) is an emerging modality with the potential for noncontact, rapid evaluation of ovarian tissue optical properties, e.g., absorption and scattering, over a large field of view (FOV). [6] [7] [8] Additionally, spatial heterogeneity of the tumor tissue has been found to be a useful marker for diagnosis and differentiation between benign and malignant pathologies. 9, 10 We report in this paper, to the best of our knowledge, the first study of utilizing an SFDI system to quantitatively characterize the optical properties and their spatial heterogeneity in human ovarian tissue over a large FOV. A total of 15 ovarian tissue samples from nine patients were studied ex vivo. Twenty spatial frequencies ranging from 0 to 0.5 mm −1 were projected on the samples from a digital projector and captured by a camera. Wide-field absorption and scattering maps were estimated for the samples. Normalized Radon transforms of the absorption and scattering images were calculated from 0 to 90 deg and fitted to a Gaussian distribution function. The standard deviation (SD) and mean square Gaussian fitting error were used to characterize the spatial distribution and heterogeneities of the absorption and scattering maps of the tissue samples.
Methods

Spatial Frequency Domain Imaging Instrumentation
The configuration of the SFDI imaging system is shown in Fig. 1 . Sinusoidal patterns were projected using an automated Microsoft PowerPoint presentation, from a DLP projector (XD430U, Mitsubishi) consisting of a 0.55-in. single-chip digital micro mirror device and a 230-W Tungsten Halogen lamp. The RGB color wheels were removed to provide uniform illumination on the sample. The projector was turned on for 10 min before the experiments for stabilizing the source. The diffuse reflected light was captured by a camera (Edmund Optics USB EO-0413M 1/3" CMOS Monochrome, 8 bit, 752 × 480 pixels, dynamic range >55 dB linear) synchronized with the projection system and capable of imaging up to 87 frames per second. The illumination area was 7 cm × 7 cm, while the FOV captured by the camera was 4 cm × 4 cm. The tissue samples were placed with respect to the camera in a way to cover most of the FOV to avoid light leakage from the sides. A laser line filter (Thorlabs FL730-10, CW 730 nm, BW AE 10 nm) was attached to the camera. The specular reflection was minimized by using two crossed linear polarizers (Edmund Optics, polarization efficiency >99%), and a small angle of incidence (15 deg to the normal). 11 Previous studies on spectroscopic characterization of human ovarian tissue have been performed mainly in the wavelength range of 390 to 600 nm by Utzinger et al. 12 using reflectance spectroscopy, and 700 to 900 nm by Aguirre et al. 4 using photoacoustic tomography, but both studies are limited in providing the absolute quantitative values of tissue absorption and scattering. As an initial pilot study, the wavelength of 730 nm was selected, mainly because of previous extensive knowledge and data of malignant and benign ovarian tissue absorption or vasculature obtained from photoacoustic tomography studies in this wavelength range. 4, 13 Also, this wavelength was available for comparison of accuracy of phantoms from our previous frequency domain (FD) diffuse light imaging system. 14 The overall acquisition time was ≈1 min, which makes the system suitable for ex vivo evaluation of the ovary. To minimize the effect of ambient light, the system was located in a dark room, and the laser line filter attached to the camera accepted only narrowband illumination.
The sinusoidal illumination pattern can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 2 4 0 I ¼ I 0 sinð2πf x x þ αÞ;
where I 0 is the incident source intensity, f x is the spatial frequency, and α is the phase. Three phase-shifted images (I 1 ; I 2 , and I 3 ) were recorded (α ¼ 0 deg, 120 deg, and 240 deg) for each frequency, and the demodulated DC and AC components were obtained by the formula 7 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 1 5 6 M DC ¼
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ;
However, M DC term is affected by the system noise from the dark current as well as the ambient light. Hence, the frequencydependent component M AC was calculated for each spatial frequency to cancel out the common mode system noise and calibrated with a phantom of known optical properties using the forward light transport model to yield measured reflectance R D ðf x Þ m . The distance between the camera and the reference phantom was adjusted to be 12 cm, while for imaging the phantom and tissue samples, the height offset was carefully adjusted with a three-dimensional (3-D) stage to within 1 mm, which had a negligible scaling effect on the measured diffuse reflectance. 15, 16 The penetration depth δ eff in the spatial FD depends on the effective attenuation coefficient μ eff ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 3 μaðμa þ μ 0 sÞ p and the spatial frequency f x , where μ 0 eff ¼ ½μ
, with higher frequencies probing a shallower depth. 7, 11 As mentioned in the introduction, the majority of ovarian cancer occurs at the epithelial layer surrounding the ovarian tissue, which is only couple of millimeters in thickness. Additionally, while imaging fresh, surgically resected tissue samples, the blood on the surface of the tissue can suppress the scattering features, arising mainly from the underlying connective tissues. It has been demonstrated by Krishnaswamy et al. 17 that the underlying tissue scattering amplitude, which is sensitive to the tissue ultrastructure, can be effectively determined with the use of higher spatial frequencies (≥0.5 mm −1 ). For our system calibration with the phantoms, both 2-frequency (0 and 0.1 mm −1 ) and 20-frequency (0 to 0.5 mm −1 ) methods were compared for the system calibration, as shown in Table 1 .
System Calibration and Phantom Study
The SFDI system was calibrated using six tissue-mimicking solid phantoms (five phantoms as samples and one as reference) with known optical properties calculated from measurements with an existing FD diffuse light imaging system.
14 The phantoms were made by gradually heating polyvinyl chloride-plastisol solution with India ink and titanium dioxide powder added for controlling the absorption and scattering properties. The heated solution was poured into a flat-top glass container and allowed to solidify for several hours. The coefficients μ a and μ 0 s for each pixel were obtained by minimizing the least square between the measured and theoretical diffuse reflectance values P 20 k¼1 kR D ðfxÞ − R D ðfxÞmk 2 by using the LevenbergMarquardt algorithm in MATLAB. 7, 18 For each absorption and scattering map, the mean value was calculated and used to The comparison between the absorption and reduced scattering coefficients calculated from the SFDI system for 2-frequency and 20-frequency measurements with previously measured values are provided in Table 1 . The reference phantom (phantom 6) was calibrated with 10% intralipid solution of known optical properties. 19 For each phantom, the measurement was repeated five times, and the statistical average was taken. Figure 2 shows the comparison between the experimentally measured absorption and scattering values for the 2-frequency and 20-frequency SFDI experiments with the previously calibrated values from the FD system. It can be observed in Table 1 that although 2-frequency and multifrequency methods are comparable, the multifrequency method produces more stable measurements with fewer errors. For our pilot clinical study, the multifrequency method was used for comprehensive characterization of human ovarian tissue.
Human Ovary Study
Human ovarian tissue samples were obtained from patients undergoing PO at the University of Connecticut Health Center (UCHC). This study was approved by the Institutional Review Boards of UCHC, and informed consent was obtained from all patients. The overall imaging was completed within 1 to 2 h from the time of surgery to avoid excessive blood loss and changes in physiological properties. During the surgery, ovaries were surgically cut from the side of the fallopian tube so as to leave no incision mark on the ovary surface that might affect the reflection measurements. All ovarian tissue samples were imaged intact with thickness in the range of 2 to 5 cm, and the illumination was diffused so the penetration of light through the sample was not a concern. The samples were placed on a 3-D stage and carefully adjusted to avoid any tilt that might induce errors. Fifteen ex vivo ovaries (eight premenopausal, seven postmenopausal, which included five normal and two malignant) from nine patients were studied; the diagnostic details are provided in Table 2 . There were no cases of premenopausal malignancy or benign tumor in our sample pool. Several nonoverlapping reflectance images (4 cm × 4 cm) were acquired for each ovary, depending on the size of the sample. The images were then divided into nonoverlapping regions of interest (ROI) measuring 2 cm × 2 cm, as shown by the black dashed area in Fig. 4 , for taking the Radon transform and extracting the features. This resulted in a total of 22 ROI for the premenopausal normal group, 17 ROI for postmenopausal normal, and five ROI for the malignant group. The ROIs were selected in a way so as not to include the edges of the tissues, which might introduce errors in the reflectance measurements. After the imaging, the ovaries were fixed in 10% formalin solution and returned to the pathology department for histological processing. The histology slides were stained using both hematoxylin and eosin (H&E) for diagnosis and sirius red (SR) for qualitative analysis of the collagen content inside the tissue, 20 which is the main elastic scattering component in ovarian tissue. 21 Figures 3(a) and 3(d) show the DC reflectance images of a postmenopausal benign and postmenopausal malignant sample. The H&E histology of the malignant ovary, shown in Fig. 3(e) , is characterized by more randomly distributed microvessels as compared with the benign ovary, shown in Fig. 3(b) . It is evident from the SR stained histology images, shown in Figs. 3(c) and 3(f), that the benign ovary consists of a dense collagen-rich stroma with homogeneous distribution, whereas the malignant ovarian tissue is characterized by a degenerated, scattered distribution of collagen bundles. The relative differences in the wide-field functional heterogeneities can be an effective imaging marker for the diagnosis of neoplastic changes.
Extraction of Spatial Absorption and Scattering Features
Sample images of normal and malignant ovaries along with the wide-field absorption and scattering maps are shown in where θ is the angle of the projection and l is the projection axis of the Radon output. The details of this method can be found in Ref. 13 . After calculating the mean normalized Radon transform, a Gaussian model was used for fitting E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 3 9 7
In Eq. (5), μ is the index of the estimated centroid of the Gaussian function and σ is the SD of the Gaussian function, which characterizes the spatial extent of the image along the projection direction. The Gaussian fitting error was defined as the norm of the difference between the mean Radon transform and the fitting value of the Gaussian model, and was used to characterize the spatial heterogeneity of both absorption and scattering of the ovarian tissue.
Logistic Regression Model
Logistic regression is a direct probability model that can describe the relationship of several predictor variables X 1 ; X 2 ; : : : ; X k to a binary response variable Y (0 or 1). 22 The probability of occurrence of one of the two possible outcomes of Y can be described by the following equation:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 1 7 9 prðY ¼ 1; X1; X2; : : : ; XkÞ
Given the data Y; X 1 ; X 2 ; : : : ; X k , the unknown coefficients βn, n ¼ 0;1; : : : ; k can be estimated using the maximum likelihood method. In this study, we used six predictors (mean absorption and scattering, and the Gaussian SD and fitting errors of both absorption and scattering images) to classify normal and malignant ovarian tissue groups. The MATLAB GLMFIT function was used to estimate the coefficients βn, n ¼ 0;1; : : : ; k of the logistic model using the predictors, and the GLMVAL function was used to estimate the responses for the testing sets. The same set of coefficients obtained from the training set was used to predict the response of the testing set, and a threshold of 0.5 was used for sensitivity and specificity estimation. A total of 42 ROIs from nonoverlapping areas (example shown with the black dashed area in Fig. 4) were acquired from 15 ex vivo ovaries (eight premenopausal, seven postmenopausal, which included five normal and two malignant based on pathological diagnosis) for computing the Radon transform and corresponding feature extraction. We followed the rule of thumb in machine learning, which is to have sufficient data to obtain an accurate estimate of the model, and to have tractable data to validate (test) the model. Thus we have chosen approximately two-thirds of the data for training the logistic model, and the rest was used for testing. For training, 27 ROI (24 from normal groups and three from the malignant group) were randomly selected from the dataset, and the remaining 15 were used for testing. Because malignant samples were limited, for each training and testing pair, three samples from this group were used in training and the rest were used for testing. A total of 20 cross-validations was used, and mean and SD were reported. The accuracy of the model was evaluated using the receiver operating curves (ROCs) and the area under the curve (AUC).
3 Results and Discussion Figure 6 shows the box plots and corresponding P values of the different absorption and scattering parameters of the premenopausal normal, postmenopausal normal, and postmenopausal malignant ovarian tissue groups. It is evident from Fig. 6 (a) that the malignant ovaries have the highest absorption due to increased angiogenesis. The postmenopausal group has the highest scattering amplitude, as shown in Fig. 6(d) , which can be attributed to the reduced vascular activity and dense stromal structure, as shown in Fig. 3(c) . The Gaussian SD, which characterizes the spatial extent of the absorption and scattering distributions, is lowest in the malignant cases for both absorption and scattering, as shown in Figs. 6(b) and 6(e); this is due to the clustering of the vasculature in the tumor area and degeneration of collagen structure, as shown in Figs. 3(e) and 3(f). The Gaussian fitting mean square error, characterizing the spatial heterogeneity, is highest for the malignant group, as shown in Figs. 6(c) and 6(f). The reason for this is the increased number of clustered microvessels and scattered distribution of collagen bundles. The premenopausal normal group has higher absorption and lower scattering as well as larger spatial functional variations as compared to the postmenopausal normal group; this is also due to higher follicular activity. Statistically significant differences in the Gaussian fitting SD of absorption (P < 0.00012) and scattering (P ¼ 0.0008) were observed between the postmenopausal normal and malignant groups. The heterogeneity, characterized by the mean square fitting error, was also highly statistically significant for both absorption (P < 0.0001) and scattering (P < 0.0001) between the postmenopausal normal and malignant ovarian tissue. This can be extremely useful in differentiating between normal and malignant ovaries, as the majority of ovarian cancers occur in the postmenopausal stage. Although the imaging is done ex vivo, the time window between the surgery and imaging across all samples is within 1 to 2 h. It has been observed in previous studies by Alqasemi et al. 13 and Wang et al. 23 that the ovarian vasculature structure does not degrade considerably within this time window. Tissue sample studies performed by other groups showed similar results. Laughney et al. 24 have performed detailed analysis of the functional absorption parameters from ex vivo lumpectomy samples and shown that the total hemoglobin concentration (estimated from absorption at two or more wavelengths) remains fairly consistent, while the oxygen saturation is affected significantly. However, some variation between the in vivo measurements and ex vivo measurements is expected, and future clinical studies may answer this important question. Yang et al. 21 have shown for ovarian tissue samples and Bydlon et al. 25 have shown for breast samples that the variation expected for the scattering coefficient due to excision is not a confounding factor, as it remains fairly consistent after excision and can be used as an important functional parameter. The scattering amplitude has been ranked to be the most important ex vivo diagnostic parameter in previous SFDI experiments for breast samples by Laughney et al., 24 and has also been established as an important functional marker for ovarian tissue by Yang et al. 21 However, multispectral parameters, e.g., scattering slope and scatter power, may be advantageous in characterization of the tumor as well as providing additional information about the size and location of the scattering microstructures. 16, 24 The six parameters extracted from SFDI images were used as predictor variables, and the diagnosis results obtained from histopathology were used as the response variables. Figure 7 shows one example of ROCs obtained by using only two parameters (mean absorption and scattering) and all six parameters together. Using two parameters, an average sensitivity of 70% (AE24.5%) and a specificity of 97% (AE5.1%) were obtained, with the AUC value of 0.83 (AE0.11). Using all six parameters, an average sensitivity and specificity of 95% (AE15%) and 100.0% (AE0.00%) were achieved, respectively, with an AUC of 0.98 (AE0.08). The results indicate that the addition of the spatial heterogeneity of the optical properties can significantly improve the diagnostic performance of the SFDI for ovarian cancer detection.
This work has several limitations. The training and testing results are based on a limited sample pool, and more data will need to be acquired to further enhance the validity of these initial but promising results. As an exploratory study, all the ovarian tissues were imaged ex vivo at 730-nm wavelength, based on our extensive knowledge and data of malignant and normal ovarian tissue absorption characteristics or vasculature obtained from photoacoustic tomography studies in this wavelength range. Also, the processing time and size of the setup, along with free space illumination, need to be taken into account for translating this technology to an operating room for clinical applications.
Additionally, we did not perform any height correction for potential errors resulting from surface topology and curvature, which will need to be addressed for future studies. 26 The ultimate goal is to provide a wide-field, real-time examination of the ovary as well as the fallopian tube for assisting surgeons during minimally invasive surgery and reducing unnecessary surgical procedures. Future work will focus on multispectral characterization of the functional heterogeneity of the ovarian tissue and miniaturization of the device for in vivo examination of the ovary during minimally invasive surgery.
Summary
In this study, we used an SFDI system to image ovarian tissue samples ex vivo and quantitatively determined the wide-field optical absorption and scattering properties. Normalized mean Radon transform of the absorption and scattering maps were calculated and fitted with a Gaussian function. The SD and fitting errors of the absorption and scattering images were used to characterize the spatial extent and tissue functional heterogeneity, respectively. Significant differences in mean absorption, mean scattering, spatial distribution, and heterogeneity were observed between the premenopausal normal, postmenopausal normal, and malignant ovarian tissue groups. A sensitivity of 95%, specificity of 100%, and AUC of 0.98 were obtained using six parameters extracted from the SFDI images. The initial results indicate that wide-field absorption and scattering levels and spatial heterogeneities can be potentially useful for the characterization of ovarian tissues. Future studies will be focused on multispectral, real-time characterization of the human ovarian tissues, which can be extremely useful for in vivo inspection and diagnosis and therefore reduce unnecessary surgical procedures.
